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Abstract. We have isolated and characterized for the

first time the chromosomal proteins from the nucleus of

the sperm of a lancelet (amphioxus) Branchiostoma flor-

idae (Hubbs, 1922) (Phylum Chordata: Subphylum

Cephalochordata) and of a lamprey Petromy:on marinus

(Linnaeus, 1758) (Phylum Chordata: Subphylum Verte-

brata: Class Agnatha). In the first case, the major protein

component of the sperm-chromatin of a lancelet is a highly

specialized protamine-like (PL) protein that has structural

and compositional features similar to those of PL-Ill from

bivalve mollusks. In contrast, the chromatin of the sperm
of the lamprey has a structural arrangement and protein

composition (histones) very similar to that found in the

somatic cells of all eukaryotic organisms.

Among the deuterostomes, chromosomal protein vari-

ability is considerably greater in representatives of the

Phylum Chordata than in echinoderms. The possible

evolutionary significance of these findings is discussed.

Introduction

The first nuclear sperm-specific proteins were isolated

from vertebrates. They were obtained from the sperm of

Received 2 June 1993; accepted 8 November 1993.
* To whom all correspondence should be addressed.

a salmonid fish Salmo sa/ar (Rhine Salmon) and were

given the name of protamines (Miescher, 1874; Kossel,

1928). It was clear from the very beginning that these

proteins were different "chemically" from the proteins

found in the nucleus of somatic cells (Kossel, 1928). Prot-

amines are small (30-40 amino acid) arginine rich (>50%

arginine) proteins that displace the somatic-like sper-

matogenic histones during spermiogenesis. Besides the

early salmonid protamines, other homologous proteins

have also been identified in other groups of vertebrates

including amphibians (Bols and Kasinsky, 1972, 1973;

Kasinsky tf a/., 1978, 1985; Mann el a/.. 1982; Takamune

et ai. 1991), reptiles (Kasinsky et al. 1978; Mann, 1981;

Kasinsky et al, 1987; Chiva el al, 1989), birds (Dixon el

al. 1985; Chiva el al. 1987, 1988) and mammals (this

group has been recently reviewed by Oliva and Dixon,

1991). See also Kasinsky (1989) for an overall review.

Despite their wide distribution and the historical dis-

covery of protamines in vertebrates, the protein compo-
sition of the sperm chromatin of this taxonomic group is

extremely heterogeneous (Bloch, 1969, 1976; Kasinsky,

1989). Such protein heterogeneity is also shared by other

taxonomic groups (Bloch, 1969, 1976). The protein com-

position of the sperm may thus vary from somatic-type

histones (H) to compositionally intermediate protamine-
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Figure I. (A) Acetic acid (5%) urea (2.5 M) PAGEanalysis of ( I ) chicken erythrocyte histones, (2)

nuclear sperm proteins from the mussel \fytitu.\ californianus, (3) nuclear sperm proteins from the ascidian

tunicate Styclu plicate:. (4) nuclear sperm proteins from the lancelet Branchiostoma lloridac. and (5) salmine

(protamine). Direction of electrophoresis is from top ( + ) to bottom (-). (B) Acetic acid (5''r) urea (6 .U)

(first dimension) SDS (second dimension) two-dimensional gel electrophoresis of the proteins shown in

(A) lane 4.

like proteins (PL) to protamines (P), depending on the

organism (Bloch, l%9, 1 976). Those organisms that retain

the somatic-histone type of proteins often contain sperm-

specinc histones (HI and/or H2B) and will be referred to

as (HI type) in this paper.

Although the nature of the compositional protein het-

erogeneity of the sperm is unclear, from an evolutionary

point of view protamines are more specialized proteins

and therefore might be expected to have appeared in more

evolved organisms, whereas the less specialized histones

would be present in more primitive species. From this

perspective, the data available on the taxonomic distri-

bution of protamines within and among different tax-

onomical groups still remains a puzzle. A clear example
of this situation has been recently exemplified in the bony
fish (Saperas ct a/., 1993a, b). The organisms within this

group have sperm cells with nuclear protein compositions

including all the protein types (H, HI, PL, P) described

earlier.

The problem of nuclear protein heterogeneity within

bony fish has been linked to the controversial evolutionary

origin of protamines in fish (see Oliva and Dixon. 1 99 1,



CHROMOSOMALSPERMPROTEINS OF DEUTEROSTOMES 103

A
A230 100 -

50-

0-

B

50

100 %ACN

10 20
t (min)

G/P RSRSRSAS
Figure 2. (A) Reverse phase HPLC fractionation of the whole nuclear protein extract (0.4 A' HCI) from

the sperm of Branchiostoma floridae on a 5 ^m, Spherisorb C18 , ODS2 (4.6 x 150 mm) column. A2 _TO

= absorbance at 230 nm. ACN = acetonitrile. No proteins could be detected in peaks 1 and 2. (B) Acetic

acid (5%) urea (6 A/) PAGEof 0: starting nuclear protein extract: 3: protein fraction eluted in peak 3 of

Figure 2(A). (C) Amino acid sequence of the N-terminal region of the protein shown in (B) lane 3.
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Table I

Amino acid analysis (mol <^> ol'ihc nuclear \/vnii-v/>tv///f protein of

Branchiostoma floridae PL(BF) in CHIHIWHOII i,< llic PL-Ill proteins

d/'Mytilus trossulus PL-Ill (MT) (Mogenwn el at . IWIi and

Macoma nasuta PL-Ill (MM (Auxio. 1988}
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Figure 3. (A) Analysis of a whole nuclear protein extract from the sperm of Petromy:i>n marinus in

acetic acid (5%) urea (2.5 M) ( I ) after and (2) before reduction with /5-mercaptoethanol. (B) Acetic acid

(5%) urea (6 A/) triton X-lOO (6mA/) PAGE of a whole nuclear protein extract from the sperm of

Pelromy'on marinus ( I ) before and (2) after treatment with fi-mercaptoethanol. (C) Two-dimensional PAGE
in acetic acid-urea-tnton X-lOO as in (B) (first dimension). SDS (second dimension). The asterisks indicate

the position of the histone H3 dimers.

Results

The nuclear sperm-specific proteins of the

cephalochordate Branchiostoma floridae

The electrophoretic analysis of a whole protein extract

from the nuclei of the sperm of B. floridae is shown in

Figure I . The analysis is shown in comparison to somatic

histones from chicken erythrocyte (lane I ) and to proteins

of the PL-type from a mussel (Mytilns edulis, lane 2) and

from an ascidian tunicate (Styela plicata, lane 3). Several

minor bands with electrophoretic mobility similar to that

of histones (both in urea-acetic acid. Fig. I A, or in SDS

gels. Fig. I B) coexist with a major band of higher electro-

phoretic mobility. The protein corresponding to this major
band was purified by reverse phase HPLC (see Fig. 2).

The compositional amino acid analysis of this protein is

given in Table I. Such composition is clearly indicative

of the highly specialized nature of this protein. Only six

amino acids are present, four of which (Lys, Arg. Ser, and

Ala), account for 88% of the overall amino acid compo-
sition. The basic amino acids alone represent 50% of this

composition. The number of constitutive amino acids es-

timated from the electrophoretic mobility of this protein

in polyacrylamide urea acetic acid gels (Colom and Su-

birana. 1979; Ausio and Subirana, I982a; Daban el al.,

199 1) was 85 5. Despite the small amount of purified

protein available, it was still possible to establish the amino

acid sequence of the first nine amino acids of the N-ter-

minal region of this protein. The results are shown in

Figure 2C. G/P at the N-terminus of this sequence indi-

cates an almost identical recovery of these two amino

acids in the first cycle of Edman degradation. This is most

likely due to the existence of some protein microhetero-

geneity.

The nuclear sperm-specific proteins of the Agnathan

Petromyzon marinus

A whole nuclear protein (0.4 N HC1 extract) from the

sperm of Petromyzon marinus is shown in Figure 3. Based

on their relative electrophoretic mobility in polyacryl-

amide gels containing either urea-acetic acid, urea-acetic

acid-triton X-100 or SDS (Fig. 3 A. B, C), the proteins
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Table II

Ammoacid composition (mo/ %) of the .sperm Ins/ones of the lamprey Petromyzon murinus (PM) in comparixon to the somatic hixtonex from call

lliymus (CT) (Maycx <;;;</ ,/o/mv I Will

HI
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Figure 5. (A) Light microscope phase contrast micrograph of the sperm suspension of Pelromyzon
marinus used to prepare the sperm-specific nuclear proteins shown in Figure 3 and Figure 4. About 2-3%

of the sample consisted oferythrocyte contamination (arrow). ( B) Light microscope Feulgen stain of a section

of an embedded sperm sample from Lampclrn nchardsani icslis. (C) Light microscope Feulgen stain of a

sperm suspension from Branchiotoma fluruliu: The magnification was x 1000 in every case.

of the sperm cXBranchiostomafloridae (Ccphalochordata)

and Pctroniyion marinus (Agnatha), the analyses must

be carried out in comparison to the different groups of

deuterostomes for which the sperm-specific protein com-

position is already well established. At present some in-

formation is available about the chromosomal proteins

of the sperm of echinoderms, ascidian tunicates, and fish

(see also Fig. 7 and Table III).

The sperm-specific proteins of the echinoderms have

been extensively characterized. They consist basically of

histone variants (type H of the classification outlined in

the Introduction), although in most cases highly special-

ized sperm-specific histone H 1 or H2B fractions have been

described (type H 1 ) (see Fig. 7, lanes 1 , 2, 3). Thus, within

the Subphylum Asterozoa, several representative organ-

isms of the Class Stelleroidea have been analyzed (see also

Fig. 7, lane 1) (Subirana and Palau, 1968; Strickland ct

til., 1980; Zalenskaya ct ul.. 1980). In the sperm of these

organisms the histone HI fraction is different from its

somatic counterpart, whereas the core histones (H2A,

H2B, H3, H4) exhibit an electrophoretic mobility in

PAGEthat is indistinguishable from that of the somatic

core histones (Zalenskaya ct a/.. 1980). Within the Sub-

phylum Echinozoa, several organisms within each of the

classes Echinoidea and Holothuroidea have been char-

acterized (see Fig. 7, lane 2). In the Echinoidea, most of

its representative organisms have highly specialized his-

tone HI and H2B variants (Strickland, W.N. <//., 1980a.

b. 1982a, b; Brandt ct ai, 1979; Giancotti ct al., 1980;

Zalenskaya and Zalensky, 1980; Imschenetzky ct ul..

1984). These variants exhibit modified N- or C-terminal

regions, which are often characterized by the presence of

very characteristic repetitive (tetra or penta)-peptides

(Strickland, W.N.etul., 1 977; Strickland, M. etui., 1977.

1978; Strickland. W. N. el al.. 1980a, b) (see also von

Holt el ul.. 1984. and Poccia. 1991, for more detailed

reviews). Within the organisms of the Class Holothuroi-

dea, Holothuna tulniloxa contains a highly specific het-

erogeneous histone HI in addition to the somatic coun-

terpart (Phelan ct al., 1972). In addition to the histone

complement, all the organisms characterized so far within

this class also contain an additional protein with higher

electrophoretic mobility (~80 amino acids) (see Fig. 7,

lane 3) (Subirana, 1970; Zalenskaya el al.. 1980). The

sequence of one of these proteins was determined recently

(Prats ct ul.. 1989).

In most of the ascidian tunicates, the basic proteins from

the nucleus of the sperm consist of a major protamine-like

component (PL) that replaces the nucleosomal histones

(Chiva et ul.. 1990, 1992; Saperas ct al., 1992) (Fig. 7, lane

4). This protein consists of approximately 145 amino acids

and has an amino acid composition and a trypsin-resistant

peptide (Saperas ct ai, 1992) that resembles those of PL-I

proteins of mollusks ( Ausio c/ al., 1987; Jutglare/fl/.. 1991).

In at least one genus of ascidian tunicates (genus
=

Styela)

an additional PL with fewer amino acids (80-85) is also

present (see Fig. 7, lane 5, and Fig. 1, lane 3). The amino

acid composition of this latter protein resembles that of
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Figure 6. (1) Electron micrograph of the apical region of the sperm of Petromyzon mariaus. showing

the acrosomal vesicle (AV), the endonuclear canal (EC) and the central fiber (CF) and the nucleus (N)

(X53.000); (2) Detail of the nucleus of the sperm of P. marinus to show the fine structure of chromatin

(X 140,000). (3) Electron micrograph of a mature sperm cell from BranchiostomafloridaeacTosoma] vesicle

(AV); distal centriole (DC); mitochondria (M); nucleus (N); proximal centriole (PC); and subacrosomal

material (SM) (X37.000). (4) Detail of the nucleus of the sperm ofBranchiostomafloridae(Xl4Q,OQQ). All

scale bars are 200 nm.

protamines from teleost fish (Saperas ct a/., 1 992). However,

it is not clear whether there is an evolutionary relation be-

tween these proteins or whether the presence of the addi-

tional PL protein only represents a particular solution to

the process of chromatin compaction during spermatogen-

esis for the members of this genus.
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Figure 7. Acetic acid (5%) urea (2.5 .U) PAGEof whole nuclear protein extracts from the sperm of

several groups of deuterostomes: CH: Chicken erythrocyte histones used as standard; ( I ) starfish Pisasler

ocliraceiix; (2) sea urchin Strongylocentrotus /'iir/nuuiiiy (3) sea cucumber Thyum' briurcut: (4) ascidian

tunicate Pliallu.fui mammillata. The proteins shown in this lane are a 0.4 ; V HCI protein extract from nuclei

that had been previously treated with 35''.' acetic acid in order to remove the residual histones. (5) ascidian

tunicate Styc/ti pliailu: (f>) lancelet Branchiostoma llorulac. (7) lamprey Pciromy:nn nmriiiM. (8) fish Trigla

lui'crna: (9) commercial salmon fish protamine (salmine) Onchorhyncui sp. The asterisks (*) point to the

histone H3-H3 dimers resulting from oxidation of the cysteine residues.

The only cephalochordate that has been characterized

thus far from the point of view of its nuclear sperm pro-

teins is that described in the present work. As has already

been mentioned in the preceding section, the major nu-

clear protein of the sperm of Branchiostoma floridae is a

protamine-like (PL) protein (Fig. 2. Fig. 7, lane 6). The
amino acid composition of this protein (Table I) is dif-

ferent from that offish protamines and from that of the

smaller PL present in Slyclulac. [P2c (SP) in Table III.]

It is very similar, however, to PL-Ill proteins (Ausio, 1986)

from mollusks (Table I). In addition, the amino acid se-

quence of the first nine N-terminal amino acids (Fig. 2C)

with its repetitive "RS" motif largely resembles the pri-

mary structure of the N-terminal regions of PL in mollusks

(Daban, 1 99 1; Carlos <>//.. 1 993), which also exhibit this

kind of repetitive structure. An "RS" repetitive motif is

also present in the N-terminal region of the bird prot-

amines (Oliva and Dixon. 1 989) and to a different extent

is also present in other vertebrate protamines (Kasinsky,

1989: Oliva and Dixon. 1991).

From an evolutionary perspective (Fig. 8), the finding

that somatic-like histones are present in the sperm of the

agnathan Pclromyion martinis is quite unexpected. It is

surprising, considering that substitution of histones by

more specialized proteins (PL) has already been known

to occur in tunicates and in cephalochordates as discussed

above. Nevertheless, a similar situation is also found in

teleost fish (see Fig. 8), where an apparently random dis-

tribution of histones, protamine-like, and protamine pro-

teins is observed among different orders, families, and

genera (Saperas el a/.. 1993a. b).

Weenvisage two alternative possibilities to explain these

observations. The first is that during the evolution of the

sperm-specific proteins within the Subphylum Vertebrata

(see Fig. 8A), histones represent the early proteins present

in the nucleus of the sperm that, during the evolution of
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Table III

Amino acid composition (mo/ "?) ot different nuclear sperm protein*: histone III from slurhsh Aphelastcrias japonica /// (A.I) (Zalenskaya et al.,

IVfiO). histone HI from sea urchin Parechinus angulosus /// (PA) (Brandt el al., 1979). PL(j'o) protein from sea cucumber Holothuria tubulosa

Pl.(lo) (HT) (Subirana, 1983). proteins PI. P2 from ascidian tunicate Styela plicata PI. P2C (SP) (Superas et al., 1992). protein PL /nun laiuclel

Branchiostoma flondae PL(BF) (this work), and the protamine salmine SL (SI) from Salmo irideus (Amlo and H'atanabe, 1969)
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Figure 8. Schematic representation of the phylogenetic relationships of the main groups of deuterostomes,

adapted from Stock and Whitt (1992) and from Brusca and Brusca (1990). H: mature sperm containing

only histones; H I : mature sperm containing histories with a highly specialized histone H 1 ; PL: mature sperm

containing mainly intermediate protamine-like (PL) proteins. P: mature sperm containing protamines. The

arrow indicates the progressive transition from the histone type (H) to the protamine type (P) as a result of

evolution.

appears to be unique. Association of core histones (H2A,

H2B, H3. and H4) with the DNAusually leads to chro-

matin fibers consisting of randomly spaced nucleosome

particles of about 10 nm in diameter. In the presence of

histones of the HI family (that bind to the internucleo-

somal linker DNA), the fiber compacts into a higher order

structure giving rise to fibers of about 30 nm in diameter

(see Van Holde, 1988, for a review). Fibers of a similar

diameter have also been observed in the chromatin of the

sperm nucleus of different organisms containing histones

or other sperm-specific proteins (Casas et a/., 1993).

The chromatin arrangement observed in Petromvion

is very similar to that recently described in the sperm of

the fish Ah/Hits xiirmiilclns (Saperas et at.. 1993b). In the

latter case, however, the protein composition of chromatin

consists of only two PL proteins and no histones. There-

fore, the finding of a 3-nm fiber in Pclroinyion raises the

very challenging possibility that histones could organize

chromatin in alternative structures to nucleosomes. In

the case of Branchiostoma floridae, the sperm shape (Fig.

5C) (Holland and Holland, 1989) is in good agreement

with that of a primitive sperm (Baccetti and Afzelius,

1976). The organization of chromatin, as visualized by

electron microscopy [Fig. 6(4)] (Holland and Holland,

1989), is similar to that observed in other invertebrate

organisms with a similar protein composition (Longo and

Dornfeld. 1967; Casas el ul.. 1993).
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